Abstract-The reconfiguration is always an important issue for a transformable robot, Amoeba-II. In the shape-shifting process, the friction between the tracks and the ground generally makes it difficult for the robot to finish the transformation and it also consumes much energy. To solve the configuration problem, this paper proposes a dynamic shape-shifting approach for the transformable tracked robot, Amoeba-II. It can utilize a part of the friction to propel the shape-shifting by the reliable control of the track rotation. Based on the analysis of the dynamic model, the torque can be distributed to each motor of the robot more evenly to avoid the excessive consumption on a particular motor by adjusting the speed of the shape-shifting motion and the driving velocities of the tracks. Besides, this approach can reduce the energy consumption in the shape-shifting process. The space limitation also makes it necessary to analyze the required space during the shape-shifting process. The simulations based on the dynamic analysis show that the dynamic shape-shifting is more feasible and more impactful for the transformable robot.
I. INTRODUCTION
In the world, with the development of the society, more and more robots take the place of the human labor in many areas. In particulars, they perform various missions in hazardous environments, such as explosive disposal, disaster scene, and life forbidding zone.
For the mobile robot, the mobility is a primary requirement to finish these missions in various environments. A robot with a single configuration may have a prominent mobility in a particular environment, but it may have a poor mobility even cannot finish the task in another environment. The reconfiguration of a robot is thus very important for the mobility in multiple environments. For these reasons, a robot with various configurations could adapt to various environments very well. There are numerous good designs of robots with the reconfiguration function such as PackBot [1] , Remotec-Andros robots [2] , [3] , Wheelbarrow MK8 [4] , AZIMUT [5] , RLMA [6] , Matilda [7] , MURV-100 [8] , and Helios robots [9] . Based on the analysis of these robots, a transformable tracked robot named Amoeba-II [10] has been developed. Amoeba-II has two main configurations and other assistant configurations to adapt to various environments and to perform various tasks. Furthermore, based on former generations [10] , the new generation of Amoeba-II has been also designed to implement the amphibious tasks.
Compared with the normal mobile robots, the reconfiguration method for a transformable robot is always an intractable problem because of the complex interaction between the terrain and the robot. In the normal process of the configuration transformation, only a unit in charge of the transformation is actuated to execute the process. In this process, the forces and the moments between the tracks and ground are large, thus the torques of the motors need to increase to execute the transformation and the energy consumptions increases too. The large torque may damage the motors and the robot fails to finish the process. The large energy consumption will reduce the working hours of the robot. Therefore it is very important for the transformable robot to reduce the torque and energy consumption in the process of the configuration transformation. In this paper, a dynamic shape-shifting approach for the transformable robot is adopted in the process of the transformation. In the process of the dynamic shape-shifting, not only the unit in charge of the transformation will contribute to the transformation, but also the other units do. This approach can utilize a part of the friction to propel the shape-shifting process by the reliable control of the rotation of the tracks. This paper is organized as follows: Section II briefly introduces the configurations and mechanism of Amoeba-II. Section III presents a dynamic model of Amoeba-II while it performs the process of the dynamic shape-shifting. Section IV presents the simulation results of the dynamic shapeshifting motion, and also gives our analysis of the results. Finally, our conclusions are offered in section V.
II. CONFIGURATIONS AND MECHANISM OF AMOEBA-II
The missions described in Section I require that the robot not only can move fast in the open space but also can get through the crevices and cross the obstacles. Amoeba-II is designed to perform these tasks by transforming the configurations between the parallel configuration and linear configuration.
1) Parallel configuration:
As shown in Fig. 1(a) , the parallel configuration as the main locomotion configuration enables Amoeba-II to move in rough terrain and even soft terrain with high adaptability. With the parallel configuration, the robot can move forth and back and change direction by controlling the velocities of the two tracks. When the two mobile units move in the opposite directions with the same velocity, the robot will turn around in original position. By modulating the relative angles between the units of the robot, Amoeba-II can change the postures to realize the contact between the ground and the mobile units while climbing the obstacle as shown in Fig. 1(b) .
2) Linear configuration: As shown in Fig. 2(a) , because of the limited dimension in width, the robot in linear configuration can go through such a narrow space like collapsed buildings and slits. There are also usually many stairs that the robot must pass through in these tasks. Therefore, it is a basic capability for these robots to climb up the stairs. By adjusting the locomotion postures of the robot continuously, Amoeba-II can pass though the stairs as shown in Fig. 2(b) . To realize these configurations and postures, the mechanism of Amoeba-II is designed symmetrically, as shown in Fig. 3 . Amoeba-II consists of two mobile units, two pitch units and a linking unit. 
1) Mobile unit:
As shown in Fig.4 , the mobile unit consists of a track, two motors, two sprockets, and a waterproof box with two controllers fixed in it. The tracks can supply the robot with large contact area to satisfy the adaptability requirements. So, it is chosen as the basic drive mechanism of Amoeba-II. Meanwhile, the track is manufactured with grousers to get a high attachment coefficient. The motor propels the track to rotate by the sprocket. The waterproof box is designed for amphibious tasks. 2) Pitch unit: As shown in Fig.5a , the pitch unit consists of a passive gear, a waterproof box and a passive wheel. The pitch unit is used to place the power supply module. The pitch DOF can achieve the vertical postures as shown in Fig. 5b . The passive gears engage with the spur gears which are driven by the motor in the linking unit. The waterproof box is used to place the power supply and some controllers. The passive wheel under the box is used to support the box and reduce the friction between the box and the ground. 
3) Linking unit:
The linking unit is utilized to drive two mobile units to form an appropriate configuration for the locomotion. The spur gears are actuated by the DC motor of the linking unit through the turbine/worm transmission. The void side of turning spur gear is cut off for saving space. Besides, the holes on the gears are used to reduce the mass of the whole robot.
As shown in Fig. 6 , in the process of the configuration transformation, the DC motor in the linking unit starts to rotate and drives the driving spur gears to rotate. Because of the engagement between the spur gears and the passive gears, the mobile units start to rotate around the axis of passive gears. The configuration of Amoeba-II thus changes between the parallel configuration and the linear configuration. 
III. DYNAMIC SHAPE-SHIFTING OF AMOEBA-II
In the process of the shape-shifting, the tracks of the robot keep contact with the terrain surface and there is also slippage between them. The contact and the slippage will generate the dynamic friction which will resist the process of the shape-shifting. The motor of the linking unit needs to generate enough torque to balance the resulted torque of the dynamic friction. In this process, the motor also consumes more power because of the dynamic friction.
In the normal process of the shape-shifting, the motors of the mobile units do not rotate, the tracks just sideslip passively. The motor of the linking unit is the only one which is driven, and it needs a big load for this motor. Besides, it consumes much more power and generates more heat which may cause damage to the motor of the linking unit. For these reasons, a new method called dynamic shape-shifting is adopted to reduce the resist effect as shown in Fig. 7 . In the process of the dynamic shape-shifting, the motors of the mobile units are also driven when the motor of the linking unit is driven. The dynamic shape-shifting can distribute the load to all motors of the robot, thus it is easier for the robot to change its configuration. For this new shape-shifting approach, it needs to adjust the relationship between the rotate speed of the actuating motors of the tracks and the rotational speed of the motor of the linking unit. The rotational speed includes the direction and the value of the rotation. The coordinate system is defined as follows: an inertial frame O-XY is based on the initial position of the centre of mass (CM) of Amoeba-II, and a local frame O 2 -X 2 Y 2 is based on the CM of the left mobile unit, as shown in Fig. 8 . In the frame O-XY, O is selected as the initial position of the CM of the whole robot, and OX is selected to be vertical with the symmetry axis of the whole robot. Furthermore, in the frame 
A. Kinematics analysis for dynamic shape-shifting
where L is the distance between the rotation axis of the left mobile unit and the CM of the left mobile unit, and ș is the rotation angle of the left mobile unit as shown in Fig. 8 . In frame O-XY, the velocity ( ) a ϑ G of the point A which is an arbitrary point of the track's area connecting with the ground can be determined by the velocity of the CM of the left mobile unit and the relative velocity of the point A in the local frame as follows: 
B. Dynamic analysis for dynamic shape-shifting
In the case of hard uniform surface soils, such as asphalt, concrete, or pavement, a general anisotropic friction model can be assumed with coulomb's law as follows:
Therein, p(a) is the pressure on the point A of the track contact area, and ȝ is the friction coefficient that depends on the track and terrain types.
Then the resultant force of the dynamic friction of the left track contact area ȍ 2 can be determined by
where ds is the differential element of the surface integral. The resultant moment S M G which is generated by the dynamic friction on ȍ 2 can be calculated as follows:
Because the robot is symmetrical, the moment generated by the right mobile unit is opposite to that generated by the left one. Thus the resultant moment of the robot is zero, and the robot does not rotate but just translates.
According to the momentum theorem, the dynamical equation of the whole robot can be got as follows:
where j G is the unit vector in the Y axis direction , and m v G is the velocity of the CM of the entire robot which can be got in the equation (3) . Because of the symmetry, the component in the X axis direction of the friction of the right mobile unit is opposite to the component of the left one. Thus the resultant force is only in the Y axis direction.
The torque that the motor of the linking unit needs to supply can be determined by using the moment translation method as follows:
The power drawn by the terrain from the left track can be modeled as follows [14] 
Because of the symmetry, the sum of power loss of the whole robot is the double of one track's.
On the other hand, in the process of dynamic shapeshifting, the robot moves forward for a few displacements, so the robot needs more space in the process of dynamic shape-shifting. The displacement D of the robot can be determined by
where T is the time consumed in the process of dynamic shape-shifting and determined by 
IV. SIMULATION RESULTS AND ANALYSIS

A. Parameters of Amoeba-II
After the dynamic analysis in section III, some simulations are carried out to find the performances of the robot in the process of the shape-shifting. The mechanics parameters of Amoeba-II are shown in the TABLE. 1.
The distance L between the rotation axis of the left mobile unit and the CM of the left mobile unit is 40 cm. It is assumed that Amoeba-II moves on the cement road surface, and the friction coefficient ȝ is 0.75. 
B. Simulations of the dynamic shape-shifting
The process of the shape-shifting can be controlled by adjusting the rotational speed of the motor of the linking unit and the speed of the actuating motors of the tracks. The rotational speed of the motor in the linking unit can influence the period of the shape-shifting process. While setting the time T to 10 s, the rotational speed Ȧ of the linking unit should be ʌ/20 rad/s. The performances of the robot can be got by adjusting the velocity of the actuating motors of the tracks in the process of dynamic shape-shifting.
To get the performance in the normal process of the shape-shifting, it just needs to set the velocity of the actuating motors of the tracks to zero ( 0 / t v m s = G ).
1) Power loss of the shape-shifting process
In the process of the shape-shifting, there are three power generators; one of them is the actuating motor of the left mobile unit, another is the actuating motor of the right mobile unit, and the third is the actuating motor of the linking unit. A major portion of the power is consumed to resist the friction force which is generated inside and outside, and it converts into heat finally. The left portion of the power converts into the kinetic energy which makes propel the robot to move forward. The inside power loss is generally settled, so it just needs to consider the outside power loss. As shown in Fig.9 , the power loss P(Ȧ,v t ) in different speed of the track can be calculated by equation (10) .
In this figure, as the velocities of the tracks increase, the power loss reduces firstly, and then it increases after it passes through the lowest point. If the speed of the tracks is low, the power loss is due to the friction which is generated by the slippage rotating around the axis of the motor of the linking unit. On the other hand, if the speed of the tracks is high, the power loss is due to the slippage rotating around the motor of the mobile unit. The power loss gets to a balance point of the driving velocity of the track (v t ) between the 3 cm/s and 4 cm/s. In this interval, the power loss is the least. 
2) Torque of the motor of the linking unit
In the process of the configuration transformation, the motor of the linking unit needs to provide the inverse torque to resist the moment generated by the friction. As shown in Fig.10 , when the velocities of tracks increase, the torque M(Ȧ,v t ) of the motor of the linking unit can be calculated by equation (9) . The result shows that the tripping torque drops off as the velocities of the tracks increase. The reason is that the component of friction generated by the rotation of the motor of the tracks helps the mobile unit to rotate around the axis of the linking unit. In the process of the shape-shifting, if the velocity of the tracks is faster than 4 cm/s, the friction will supply overmuch torque to rotate around the axis of the linking, and that will make the motor of the linking unit start to rotate passively. This situation is shown as that the value of the moment is below the zero in the figure, and it is harmful to the motors. Furthermore, the torque which is needed to resist the friction is getting down as the velocity of the tracks is getting fast. 
3) Displacement of the robot
In the process of shape-shifting, the forward component of the friction propels the robot to move forward straightly. Then the robot need more space to finish the shape-shifting process. Thus the displacement is also an important criterion to be considered. As shown in Fig. 11 , the displacement D(Ȧ,v t ) of the robot with different velocities can be calculated by equation (11) . It can be seen that the displacement increases with the increment of the velocity of the track, thus it needs more space to change the robot's configuration. 
C. Analysis and optimization
In the process of the dynamic shape-shifting, the power loss P(Ȧ,v t ), torque of the linking unit M(Ȧ,v t ) and the shape-shifting space D (Ȧ,v t ) should be considered reasonably. These performance indexes can be influenced by the driving velocity of the tracks (v t ) and the rotational velocity of the linking unit (Ȧ). It is difficult to get each of these targets to be optimized at the same time. To solve this problem, it is necessary to lead a synthesized optimization objective F(Ȧ,v t ) as follows:
The weights (Q 1 , Q 2 , Q 3 ) are determined by the importance of these performance targets in the shape-shifting process and their sums is 1 as Q 1 +Q 2 +Q 3 =1.
To simplify the calculation, the weights can be got by their importance for the transformation. The torque of the motor of the linking unit is more important for the robot to finish the transformation smoothly, so the weight of this performance index should be larger than the other two. Given the constraint conditions and the weights (Q 1 =0.3, Q 2 =0.4, Q 3 =0.3), the optimization algorithm can be used to get the appropriate decision variables (Ȧ,v t ). As shown in Fig. 12(a) , the appropriate decision variables (Ȧ=ʌ/10 rad/s, v t =4 cm/s) can be got at the lowest point while the robot gets the best comprehensive performance. Compared with the normal optimization with the single objective P(Ȧ,v t ) (power-loss of the robot), the appropriate decision velocity v t is lower with the same angle velocity in the synthesized optimization with the optimization objective F(Ȧ,v t ) as shown in Fig. 12(b) . If the driving velocity of the track v t is the same to the decision velocity of the normal optimization with the single objective P(Ȧ,v t ), the shape-shifting space will be too large for the robot and the negative torque may cause damage to the motor of the linking unit. Thus it is more reasonable and stable for the robot to use the synthesized optimization method in the process of the dynamic shape-shifting. 
V. CONCLUSION AND FUTURE WORKS
This paper presented a new shape-shifting method for a mobile robot (Amoeba-II) which can change its configurations to adapt the complex environment and finish the task. Unlike the previous method to transform, in the dynamic shape-shifting process, the mobile module also works to help the transformable module to change the configurations. The dynamic analysis can help to get better performance for the process of dynamic shape-shifting. The simulations proved the feasibility and advantage of this method. The multi-objective optimization method can help the robot to get the best comprehensive performance in the process of dynamic shape-shifting.
In the simulations, to simplify the calculation, the rotational speed of the motors of the linking unit is set to a fixed value, and then the velocity of the track is adjusted to optimize the process. However, it is more effective to change the two controlled quantities together in the shape-shifting process. We will consider this problem in our future studies.
The new generation of Amoeba-II has already been assembled, and the basic experiments of the dynamic shape-shifting will be accomplished in the coming studies.
